We show that many pair density wave (PDW) ground states give rise to a translational invariant non-superconducting secondary order parameter that breaks time reversal and parity symmetries, but preserves their product. This secondary order parameter has a different origin, but shares the same symmetry properties as a magnetoelectric loop current order that has been proposed earlier in the context of the cuprates to explain the appearance of intracell magnetic order. We further show that this loop current order can preempt pair density wave order. In such a phase, the emergent loop current order coexists with spatial short range charge density wave and short range superconducting order. Finally, we propose a PDW phase that has loop current order, charge density wave order consistent with x-ray scattering observations, and quasi-particle properties consistent with angle resolved photoemission scattering.
A central question in underdoped cuprate superconductors is the origin of the pseudogap phase. This phase was originally thought to to be a precursor phase to superconductivity with spin-singlet pairs, no phase coherence, and no broken symmetries [1, 2] . However, more recent measurements suggest broken symmetry. Specifically, polarized elastic neutron scattering observe intra-unit cell magnetic order [3] at a temperature close to the onset of a polar Kerr effect [4, 5] . This suggests broken time reversal symmetry, possibly due to loop current order [6, 7] . Also, static short range charge density wave (CDW) order has been observed through x-ray scattering [8] [9] [10] . This order appears at the incommensurate wavevectors 2Q x = (2Q, 0) and 2Q y = (0, 2Q) [9] . In addition, there exists evidence for superconducting (SC) correlations in the pseudogap phase. Diamagnetism is observed much above T c [11] and also at fields that far exceed the estimated mean-field SC upper critical field [12] . To explain the prevalence of SC correlations and CDW order, pair density wave (PDW) order has been suggested as an order parameter for the pseudogap phase [12, 13] . This proposal was bolstered by a demonstration that PDW order accounts for anomalous quasi-particle (qp) properties observed by angle-resolved photoemission (ARPES) [13] . PDW superconductivity is a spatially varying SC state similar to Fulde Ferrell Larkin Ovchinnikov (FFLO) states [14, 15] . It has been discussed in a variety of contexts for the cuprates [13, [16] [17] [18] . The recent proposal of Lee [13] has its origin in a gauge theory description of the resonating valence bond phase. Here, pairing occurs through a transverse gauge field and leads to an incommensurate checkerboard PDW state for which the PDW order can be qualitatively expressed as
. This state has secondary CDW order at wavevectors 2Q x and 2Q y , in agreement with experiment. In all versions of cuprate related PDW order, spatial oscillations in the PDW order drive the secondary CDW order [13, 16, 19] . These proposed PDW phases cannot account for the observed signatures of translational invariant broken time-reversal symmetry.
Here we show that PDW order can naturally induce a translational invariant secondary order parameter that breaks both time-reversal and parity symmetries, but is invariant under the product of the two. Similar order parameters with this symmetry have appeared in the context of the cuprates under the name magneto-electric (ME) order [20] and as ME loop current order [21] . Here we name such order ME loop current order. We further show that there exists a mean-field PDW ground state with ME loop current order, with CDW order at the observed wavevectors, and which accounts for qp properties observed by ARPES [5] . This PDW ground state has continuous U (1) degeneracies (associated with broken SC gauge and translational symmetries) together with a discrete degeneracy associated with the ME loop current order. Fluctuations of the U (1) degeneracies suppress both the SC and CDW order, allowing for a state with spatial long range ME loop current order and short range SC and CDW orders. We propose that this state is responsible for behavior that emerges at the pseudogap temperature T * [5] . Such a ME loop current state is conceptually similar to the nematic phase that arises due to magnetic fluctuations proposed for the pnictides [22] and to a translational invariant broken time reversal symmetry state stemming from CDW and modulated bond current orders [23] .
Symmetry Properties of PDW Order PDW order originates when paired fermions have a finite center of mass momentum. It is characterized by order parameter components ∆ Q which, under a translation T, transform as ∆ Q → e iT·Q ∆ Q . Key here are the transformation properties under time reversal T and parity symmetries P:
The positions of the momenta Ki about which PDW Cooper pairs are formed. The corresponding eight PDW order parameter components ∆Q i have momenta Qi = 2Ki. The solid line momenta apply to the theory with orthorhombic symmetry, and the dashed line momenta are included for tetragonal symmetry. The displacement δKy denotes the shift of the momenta Ki from the zone edge. When δKy = 0, the theory of Ref. [13] is reproduced. The PDW state proposed here has
These symmetries suggest a consideration of the secondary ME loop current order parameter
. This order parameter has translational invariance, is odd under both T and P, and invariant under the product T P. If a PDW ground state satisfies |∆ Qi | = |∆ −Qi |, then the state will have non-zero l. This condition is not satisfied by any of the PDW states proposed in the context of the cuprates [12, 13, 16, 17] . This motivates the question, are there stable PDW ground states that do exhibit loop current order? Below we show there are. Additionally, we find a PDW ground state that can qualify as a pseudogap order parameter. We impose the following four criteria on such a state: 1-It is a mean-field ground state of a Ginzburg-Landau-Wilson (GLW) action. 2-It has finite l. 3-It has CDW correlations at the observed momenta. 4-It can account for ARPES spectra. More specifically for criterion 4 we require that the Fermi arc is reproduced, the low energy bands near the anti-nodal point are reproduced (which has a gap minimum at momentum k G = k F , where k F is Fermi momentum) [5] , and the Fermi arc is derived from occupied states moving up towards the Fermi energy [5, 13] .
We consider a phenomenological theory motivated by the Amperean pairing theory by Lee [13] . The PDW momenta chosen in [13] do not allow for a state that satisfies the above criteria, for this reason we consider the generalization shown in Fig. 1 . Note that in the limit δK y = 0, we reproduce the results of Ref. [13] (for which there is no ME loop current order). The PDW order parameter for Fig. 1 has eight complex degrees of freedom, one for each momentum shown. The corresponding GLW action has 11 unknown phenomenological constants. We therefore simplify the ensuing discussion by initially considering orthorhombic symmetry, as illustrated in Fig. 1 (with momenta given by the solid arrows), and simply state our results for tetragonal symmetry. The orthorhombic GLW action S 0 is given by requiring invariance under translations, rotations, time-reversal, parity, and gauge symmetries. This leads to the resulting partition function Z ∝ Π i D∆ i e −S0 with S 0 given by
where
, and B = ∇ × A. For the action in Eq. 2, it is possible to find all mean-field ground states analytically (see Ref. [19] for a related analysis). Of these states, only one state (named the ME PDW state) satisfies the first three criteria listed above. This ME PDW state has the order parameter (∆ Q1 , ∆ −Q1 , ∆ Q2 , ∆ −Q2 ) = ∆(1, 0, 1, 0). It is stable when that is β 1 + β 2 > 0, β 2 + β 3 > 0, β 4 < β 2 , β 4 < β 3 , and
) (L z is the z-component of angular momentum). It would be interesting to search for the ODW order, this corresponds to an incommensurate order in the angular momentum stemming from orbital currents. This ODW order should appear at the same wavevector as the CDW order.
Preemptive Loop Current Order An important property of the ME PDW state is that it has a U (1)× U (1)× Z 2 degeneracy. The two U (1) degeneracies arise from the usual SC phase symmetry breaking and from the breaking of translational invariance. The Z 2 symmetry denotes the degeneracy between the (∆ Q1 , ∆ −Q1 , ∆ Q2 , ∆ −Q2 ) = ∆(1, 0, 1, 0) and ∆(0, 1, 0, 1) states and is associated with the ME loop current order (which is of opposite sign for these two degenerate states). Fluctuations can lead to a preemptive transition in which the U (1) × U (1) symmetry is not broken, but the Z 2 symmetry is. Such a state will exhibit spatial long range ME loop current order and short range SC and CDW order. To examine this possibility, we consider the partition function given by the effective action in Eq. 2 in two dimensions (2D), ignore the vector potential, and focus on the parameter regime for which the ME PDW state is stable. We decouple the quartic terms through Hubbard-Stratonovich transformations. In particular, we introduce the field ψ to decouple the (
term, and two complex fields ∆ 4e,s and ∆ 4e,d to decouple the [
The resultant action is quadratic in the fields ∆ Qi and these fields can be integrated out. For the parameter regime we examine, the phases with non-zero ∆ 4e,s and ∆ 4e,d are energetically unfavorable. Consequently we set these fields to zero. Additionally, the remaining fields have Ising symmetry, so it is reasonable to treat these at a mean-field level. This leads to the following effective action
where A is the area, χ
The anisotropy due to κ 2 and κ 3 can be removed by rotating and re-scaling q x and q y , yielding (q 2 x +q 2 y )/κ with κ = κ 2 1 − κ 2 2 − κ 2 3 , and the integrals over momenta can then be carried out. Treating S ef f within a mean field approximation leads to the following self-consistency equations
where r * = r * 0 + ψ * , the * denotes a rescaling by a factor 4πκ/|β 4 |,β i = β i /|β 4 |,r 0 = r * 0 + 8β 1 ln Λ + 4β 1 ln(4πκ/|β 4 |) and Λ is the momentum cutoff. We find that for parameters β i such that the ME PDW state is stable, the mean field solution is given by η = l x = 0 and l y = 0. The mathematical analysis of this solution is the same as that used to examine preemptive nematic order in Ref. [22] . This work implies that there is a second order transition into a ME loop current state whenβ 1 > 2 (this becomes first order transition ifβ 1 < 2). This analysis can be extended to three dimensions and, provided κ 4 /κ is sufficiently small, a second order transition into a loop current phase can occur [22] . Such a preemptive ME loop current phase will exhibit SC and CDW correlations consistent with experiment [8] [9] [10] [11] [12] . Additionally, this state shares many of the same physical properties as the ME loop current state discussed in Ref. [26] . Such a state is consistent with polarized neutron scattering observations of broken time reversal symmetry [3] , the observation of dichroic ARPES order [27] , and can account for the ultrasound observation of a second order phase transition in the pseudogap phase [28] . We note that it has been argued that the Kerr effect [4, 29] requires additional physics for the ME loop current state (such as a structural transition [28] or ordering along the c-axis). Quasi-particle properties We have found a phase that satisfies the first three criteria listed above, we now show that it satisfies the fourth criterion. To do this, we first generalize the ME PDW to tetragonal symmetry. We note that the effective GLW action in this case does not allow for an analytic determination of all the stable ground states. Nevertheless, it can be shown that the following generalization to tetragonal symmetry
is a stable state of the tetragonal GLW action. Note that ∆ 1 = ∆ 2 , however, as δK y = 0, we recover the state examined in Ref. [13] for which ∆ 1 = ∆ 2 , so for sufficiently small δK y , we expect that ∆ 1 ≈ ∆ 2 . To examine the qp properties, we consider the Hamiltonian
where c ks is the fermion destruction operator with momentum k and spin s, ǫ k is the bare dispersion, and h.c. means Hermitian conjugate. We compute the eigenstates of Eq. 5 and the spectral weight using
where E α,k are the eigenenergies of Eq. 5, u α,k is the weight of the fermion with momentum k in the band α, and the damping factor Γ models short range order in the PDW phase. In our calculations we use the bare dispersion ǫ k given in Ref. [5] and set Γ = 0.1 eV. In addition, we set ∆ Qi (k) = ∆ i f i (k − K i ) where localizes the pairing in k space as described in [13] 
, the other f i are determined by tetragonal symmetry). Fig. 2  (a) and (b) shows the bands weighted by a factor |u α,k | 2 for fixed k y = π and k y = π − 0.7 as a function of k x (with ∆ 1 = ∆ 2 ). These first two figures show that the Fermi arc results from occupied states moving towards the Fermi level, a point emphasized in Ref. [13] . In Fig. 2 c) we illustrate the role of ∆ 1 = ∆ 2 . Notice that the ARPES bands become asymmetric about k x = 0. This asymmetry is consistent with existing ARPES measurements and it would be of interest to examine this experimentally. Fig. 3 shows the spectral weight for ∆ 1 = ∆ 2 = 75 meV revealong the Fermi arcs.
Conclusions We have shown that PDW order can generate translational invariant ME loop current order as a secondary order parameter. We further show that there exists a PDW ground state with ME loop current order, CDW correlations, and qp properties consistent with ARPES. When phase fluctuations are included, a state appears in which only the ME loop-current order has long-range spatial correlations. We predict that this state will exhibit short range incommensurate angular momentum correlations at the same wavevector as the CDW correlations. We also show that this state gives to a novel asymmetry in the qp properties that may be observed by ARPES.
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